Performance of a rollover protective structure for a bulldozer by Thambiratnam, David et al.
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
QUT Digital Repository:  
http://eprints.qut.edu.au/ 
    
Thambiratnam, D. P. and Clark, B. J. and Perrera, N. J. (2009) Performance of a roll 
over protective structure for a bulldozer. Journal of Engineering Mechanics, 
135(1). pp. 31-40. 
 
 
    © Copyright 2009 American Society of Civil Engineers 
  1
Performance of a Roll Over Protective Structure for a Bulldozer 
 
By: DP Thambiratnam FASCE*, BJ Clark* and NJ Perera* 
 
*School of Urban Development, Queensland University of Technology, Brisbane, Australia. 
 
 
Abstract 
 
Roll Over Protective Structures (ROPS) are safety devices fitted to heavy vehicles to provide 
protection to the operator during an accidental roll over. At present, ROPS design standards 
require full scale destructive testing which can be expensive, time consuming and unsuitable 
for small companies. More economical analytical methods would require an understanding 
on post yield behaviour and energy absorption capacity of ROPS. With this in mind, this 
paper treats a bulldozer ROPS using experimental and analytical techniques to generate 
research information which will enable development of analytical design guidance and 
enhance safety. 
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Introduction 
 
Heavy vehicles used in the rural, mining and construction industries are susceptible to 
rollovers as they have a high centre of gravity and commonly operate on sloping and uneven 
terrain. A steel moment resisting frame with either two or four posts is usually attached to 
these vehicles above the operator’s cabin for protection during rollovers. This safety device 
is called a Rollover Protective Structure (ROPS) and its role is to absorb some of the kinetic 
energy of the rollover, whilst maintaining a survival zone for the operator. The design and 
analysis of ROPS is complex and require dual criteria of adequate flexibility to absorb 
energy and yet, enough stiffness to maintain a survival zone around the operator. 
 
Evaluation techniques used in the current Australian standard for earth moving machinery 
protective structures AS2294–1997 are simplified and involve full scale destructive testing 
of ROPS subjected to static loads along their lateral, vertical and longitudinal axes. The 
standard is performance based, with certain force and energy absorption criteria which are 
derived from empirical formulae related to the type of machine and operating mass. 
Deflection restrictions are also employed to enable a survival space known as the dynamic 
limiting volume (DLV) to be maintained for the vehicle operator. These simplified 
provisions provide design guidelines intended to substantially improve the operator’s 
chances of survival during an accidental rollover. This form of certification can be time 
consuming and extremely expensive as establishing the force and energy criteria can involve 
large loads which may therefore require the use of a specialized testing facility. In addition 
to this, the nature of the testing procedure is destructive which means that the ROPS will 
incur irrecoverable permanent deformation. Consequently, failure of a ROPS to meet the 
requirements of the standard will mean that another improved prototype will have to be 
fabricated and re-tested. This process can be avoided by most fabricators through providing 
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additional strength and stiffness to the ROPS. The addition of increased stiffness to the 
ROPS to avoid premature failure may not be the most desirable solution for the operator’s 
chances of survival, as a ROPS is an energy absorption device that requires a balance 
between strength and stiffness to be maintained. Safety may be compromised by the ROPS 
manufacturers who avoid the expenses associated with repetitive experimental testing. 
 
Preliminary research has shown promise for the use of analytical techniques to model the 
nonlinear response of ROPS. These analytical methods have been very simplified and have 
primarily involved the use of elasto-plastic beam elements to simulate the behaviour of a 
ROPS subjected to a static lateral load. In recent years, substantial advances have been made 
in both computational power and the implementation of advanced element types in Finite 
Element (FE) techniques that can accurately model and predict the nonlinear response of 
structures, particularly in the post yield region. Research carried out on ROPS behaviour 
using analytical and experimental techniques include those of Clark et al. (2006 and 2005), 
Kim and Reid (2001), Tomas et al. (1997), Swan (1988) and Huckler et al. (1985).  
 
A comprehensive research project was carried out at the Queensland University of 
technology (QUT) with the objective of establishing the feasibility of using analytical 
methods for (i) design and evaluation of ROPS and (ii) investigating the influence of 
parameters for enhancing ROPS performance. Limited experimental testing is required, both 
to capture physical behaviour and to use the results to validate the finite elements models, 
which could then be used in further investigation. As it is difficult to carry out full scale 
testing on ROPS, ½ scale models were designed based on the principles of similitude 
modelling and Buckingham Pi theorem was used to develop the relationships between the 
prototype and the model. Three different types of ROPS were considered in the project. This 
paper treats ROPS models for a K275 bulldozer using experimental testing of a ½ scale 
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ROPS model and extensive computer simulations first on ½ scale and then full scale FE 
ROPS models. The FE analysis was validated through comparison of results for the ½ scale 
models and then extended to full scale ROPS models through similitude verification. This 
project aims to (i) enhance our understanding on ROPS behaviour, (ii) improve energy 
absorption and safety and (iii) generate research information which will contribute towards 
the development of analytical techniques for design and evaluation that may lessen the need 
for destructive full scale testing.   
 
ROPS for K275 Bulldozer 
The K275 bulldozer is a crawler type dozer with a gross vehicle weight of approximately 50 
tonnes. This type of dozer is commonly used in the construction and mining industries for 
earthmoving purposes. Rollover protection for the occupant is afforded through a two post 
rollbar type ROPS, which is shown in Figure 1. This ROPS is primarily a fixed base portal 
frame, consisting of two posts and a beam, rigidly connected to the chassis of the vehicle. In 
addition to the ROPS, a roof canopy section known as the FOPS (Falling Object Protective 
Structure), is incorporated to provide protection to the operator under falling objects. In this 
study, the FOPS, which is a separate detachable structure, was omitted. The overall 
geometry of the full scale K275 ROPS model was established from site measurements taken 
at the manufacturer’s storage yard. 
 
Design of ½ scale ROPS model 
 
Previous research by Srivastava et al (1978) has shown that principles of similitude 
modelling could be successfully applied to ROPS testing techniques, and could lead to large 
scale economic savings. Based on the research findings of these authors the principles of 
similitude were applied to the K275 bulldozer ROPS in order to lessen fabrication costs and 
reduce the magnitudes of the test loads to be applied to the ROPS. Reduction in the 
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magnitudes of the loads was essential as a full scale test of a ROPS for a vehicle such as this 
were extremely large and would require the use of an extensive laboratory testing facility. 
Buckingham Pi theorem was employed to determine the number of independent 
dimensionless parameters that would influence the behaviour of the system. Once the 
independent Pi terms were determined, they were equated between the model and prototype 
ROPS to establish the model design conditions. A scaling factor of ½ (for size) was then 
selected between the model and prototype which gave rise to the scaling factors of 1/8 for  
the energy absorbed under lateral load, ¼  for loads and ½ for deflections. A 1/2 scale model 
of the K275 ROPS with length 1000mm and height 900mm, using hollow tube sections, was 
designed and fabricated and subjected to the loading and energy requirements of AS2294-
1997. The cross- sectional dimensions of the posts and beam in the ROPS model were 
125x75x5mm, as shown in Table 1 and conformed to the required similitude relationship for 
the second moment of area I of the model and prototype in the form IM = IP/16, where the 
subscripts M and P denote the model and prototype respectively (Clark 2005). The member 
types used for the ROPS consisted of 350 grade RHS with full penetration butt welded 
moment resisting connections.   
 
Experimental Investigation 
Testing of the ROPS for the K275 bulldozer was performed at ½ scale at QUT’s testing 
laboratory. In order to meet the performance criteria of the Australian Standard AS2294-
1997, a specialised testing frame which could deliver loads in the lateral, vertical and 
longitudinal directions of the ROPS was designed, fabricated and assembled at the QUT 
structures laboratory. The testing frame was fabricated primarily from hot rolled structural 
steel sections that were securely mounted to the strong testing floor of the laboratory. The 
general arrangement of the testing frame setup, showing the position of the major structural 
members is shown in Figure 2. The testing frame was arranged in a manner that enabled 
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static loads to be applied to the ROPS in the direction of its lateral, vertical and longitudinal 
axes. On the strong floor horizontal gridlines, as shown in the Figure, were assigned to assist 
with the erection of the testing frame. A series of two-dimensional frames each consisting of 
two columns and two tying beams were arranged along the grid lines 1, 3 and 4. The frames 
were then linked together by means of a longitudinal beam that was supported by the 
uppermost tying beam of each frame. Two additional horizontal members linking grids 1 and 
3 were also provided in the frame assemblage. The first beam which was positioned along 
grid B acted as a jacking beam to enable delivery of the lateral load to the ROPS. The second 
beam which was positioned along grid D was designed to restrain the column supporting the 
ROPS from twisting during the lateral loading sequence. Diagonal bracing members were 
also positioned predominantly at loading or reaction zones in the frame in order to minimize 
the displacement of the loading frame during jacking and to assist with transfer of reaction 
forces into the strong floor.  
 
The half scale K275 ROPS model was rigidly mounted to the specially fabricated loading 
frame that could safely apply the required lateral, vertical and longitudinal loads, as shown in 
Figure 3. Full penetration butt welds were used between the base of the ROPS and the stiff 
lower crosshead to simulate full base fixity and to replicate the fixity condition of the in-
service ROPS/chassis assembly of the K275 bulldozer. The ROPS was subjected to the 
loading and energy requirements of AS2294-1997 which involved the consecutive loading 
and unloading of the ROPS along its lateral, vertical and longitudinal axes. The formulae for 
calculating the lateral, vertical and longitudinal loads and the required lateral deflection 
according to AS2294.2-1997 are given in column 2 of Table 2 in which M is the mass in kg, 
(and appropriate scaling factors have been inserted for the ½ scale ROPS model). The load 
and energy magnitudes for this particular ROPS model are given in column 3 of Table 2.  
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Instrumentation and measurement parameters 
Strain and deflection measurements were recorded for each loading sequence by using a 120 
channel VXI data acquisition system. Four strain rosettes  were attached to the top and base 
of each post of the ROPS and strain recordings were taken at consistent intervals during the 
lateral loading stage only. Deflection of the ROPS during each loading stage was measured 
using LVDT’s that were positioned in the direction of the applied load. Each LVDT was 
securely mounted to an independent steel frame which enabled true deflection readings to be 
taken that were free of any loading frame movement. Figure 4 shows (through views from 
two opposite directions) the positions of the strain rosettes and the LVDTs throughout the 
ROPS. Rosettes A and C were positioned at the top of the right and left posts, while rosettes 
D and B were positioned at the base of the right and left posts respectively. Loads were 
generated for each loading stage using hydraulic rams that were powered by an electric 
pump. Each ram was calibrated prior to testing using the Tinius Olsen universal testing 
machine. From the calibration process, suitable load-voltage coefficients were obtained 
which were included in the data acquisition software. These coefficients were used to 
convert the recorded pressure reading from the hydraulic rams into suitable force 
measurements.    
 
Lateral loading phase 
Lateral loading of the ROPS was performed gradually using a 50 tonne hydraulic jack that 
was securely mounted to the loading frame. The load was applied to the upper portion of the 
right hand side post of the ROPS as seen in Figure 3. A 100x200x20 section mild steel plate 
was used to spread the load and alleviate localised deformation. A double ball and seat 
arrangement was incorporated into the loading system to prevent damage to the hydraulic 
jack.  
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During this testing phase, the energy absorption requirement of the standard was not reached 
after attainment of the minimum lateral load of 121 kN, as evident from the resulting load 
deflection profile in Figure 5. At this stage, the ROPS was still predominantly in its elastic 
state with very little deflection taking place and therefore little energy absorption as well. 
Loading was increased up to approximately the 200 kN mark, which saw the initiation of 
plastic hinges at the top and base of each post. The load deflection response started to soften 
at this stage where the lateral deflection was about 35mm. Further loading showed the 
formation of plastic hinges. The load deflection profile of the ROPS plateaued for a short 
period of time and then began to fall gradually until it reached a peak deflection of 70mm at 
approximately the 175 kN mark. At this level of deflection, the area under the load 
deflection profile had equated to the code requirement of approximately 12100 J.  During the 
loading sequence, the ROPS had undergone significant plastic deformation at the top and 
base of both posts, which changed the cross sectional shape by inward folding at the 
compressions faces of the members. This feature was also observed during Finite Element 
analysis of the ROPS under lateral load. The load deflection response in Figure 5 indicates 
60mm of permanent plastic deformation in the lateral direction.  
 
The permanent plastic deformation sustained by the ROPS was monitored accurately with 
the strain rosette readings taken at consistent intervals throughout the test. Visual inspection 
of the ROPS showed the presence of plastic hinge formation at the top and base of each post. 
The strain gauge readings taken during the test, further emphasised the extent of yielding in 
these zones. Figure 6 shows the variations with load of the Von Mises stress obtained from 
the strains recorded at gauge A, using the appropriate equation given in Moy (1981).  It has 
to be noted that this transformation requires accurate estimates of the Elastic modulus and 
Poisson's ratio. Moreover, calculation of von Misses stress from strain gauge measurements 
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is based on assumptions that the stress-strain relationship is linear and that the material is 
isotropic in it's elastic properties. Severely cold worked material can deviate from isotropic 
conditions. The results obtained from the strain gauges at the other locations were analogous 
(Clark, 2005). 
 
Vertical Loading Phase 
A 150t hydraulic jack was employed to apply the required vertical load for this loading 
sequence. Precautions similar to those in the previous loading phase were taken to alleviate 
localised deformation and prevent any eccentric loading of the jack. Loading of the ROPS in 
its already pre-deformed position of approximately 5mm vertical deflection, was gradual and 
resulted in a load deflection response profile that is shown in Figure 7.  It is evident from this 
figure that the ROPS had exhibited a fairly stiff response with only 8mm of vertical 
deflection at maximum vertical load. It is also clear from this figure that the residual amount 
of permanent vertical deflection in the ROPS was very small after release of the pressure in 
the jack. The deflected shape of the structure showed little deformation in the vertical 
direction as the structure’s behaviour has been predominantly influenced by the previous 
lateral loading phase. It is clear from the results of this loading phase, that a structure that 
had undergone significant plastic deformation was still able to withstand a further vertical 
loading.  
 
Longitudinal Loading Phase 
The third and final loading sequence involved application of a load in the direction of the 
longitudinal axis of the ROPS. A 50 tonne hydraulic ram was used to apply the necessary 
longitudinal load to the midpoint of the horizontal beam that linked each post. As before 
precautions were taken to ensure load spreading and to alleviate any eccentric loading of the 
jack. The load deflection behaviour was almost linear and under full longitudinal load 
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indicated a maximum longitudinal deflection of 33 mm with a residual (permanent) 
deflection of 13mm upon removal of the load. During this loading phase, the ROPS also 
underwent deflection in the lateral direction of approximately 20mm with a permanent 
deflection of 7 mm.  
A Comparison of experimental and FE results under vertical and longitudinal loads is 
discussed in the next section. But it has to be noted that these two loading phases take place 
on the ROPS model which has already suffered significant plastic deformation after the 
initial lateral loading phase. It is also important to note that the lateral loading phase is the 
most important phase, which is also the focus of this paper. The other two loading sequences 
are strength cases to ensure that a ROPS has adequate capacity in the vertical and 
longitudinal directions. 
 
Summary of Experimental Testing 
Though this ROPS successfully passed the requirements of the Australian standard, the 
stiffness distribution was low and this ROPS was more flexible than expected. The energy 
requirement for this ROPS was fulfilled with a low force/ high deflection response. Despite 
the formation of hinges at the described locations during lateral loading, the ROPS possessed 
sufficient capacity to withstand the subsequent vertical and longitudinal loading sequences 
without violation of the DLV. It has been shown that ROPS models may be tested using the 
procedures outlined in the current Australian Standard for Earthmoving machinery 
AS2294.2-1997.  
 
Finite Element Analysis of K275 Bulldozer ROPS 
A detailed three dimensional finite element model of the ½ scale ROPS that accurately 
reflected the correct stiffness distribution of the ROPS, based on the results of the similitude 
study, was developed. The program ABAQUS standard v6.3 which is a general purpose 
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FEA package with the ability to model both linear and highly nonlinear structural problems 
was used in the analysis. The pre and post processing software package MSC Patran 2004 
was used to construct the finite element models and visualise the results after each FE 
computer simulation. The QUT’s Super Computer, Sirius, which uses an IRIX operating 
system was employed to run all of the necessary ABAQUS models.  
Numerical simulation under the static force requirements of AS2294.2-1997 was carried out 
and the computer model was validated by comparing the experimental and numerical lateral 
load vs deflection profiles. This validation enabled further FE analysis and to determine 
whether FEA can be used as a valuable tool for certifying ROPS and thus lessening the need 
for destructive full scale testing. A similar full scale FE model of the ROPS was also 
developed and analysed and the established similitude relationships between the full and ½ 
scale ROPS were verified. This is discussed in the next section. The full scale FE ROPS 
model can then be used in further investigations. 
 
Properties 
ABAQUS S4R shell elements with dimensions of 10 and 5 mm (representative of mesh 
densities) were used to model the full and half scale ROPS models respectively. Shell 
thickness of 10mm and 5mm were used in the full and half scale FE ROPS models 
respectively. Figure 8 shows the FE model of the full scale prototype ROPS in which the 
FOPS has been omitted. 
 
The material properties used for the FE models were based on uniaxial tensile tests on 
specimens taken from the same 350 grade RHS/SHS and the mild steel plate that was used to 
construct the ROPS and associated chassis beam and then converted into true stress and 
plastic strain suitable for input into ABAQUS. Figure 9 shows the engineering stress strain 
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curve so obtained.  Table 1 outlines the section properties that were used for the 2 ROPS 
models.  
 
Boundary Conditions 
The boundary conditions for each FE model were designed to simulate full base fixity and 
involved the implementation of translational and rotational restraints about the global X, Y 
and Z axes of the ROPS. This was performed using a fixed multipoint constraint (MPC) that 
tied the base perimeter dependent nodes of each post to a single independent node located at 
the base centroid of each post. This independent node was restrained both in translation and 
rotation about all global degrees of freedom. This restraint condition was numerically 
identical to restraining all base perimeter nodes, however, it enabled the resultant reaction 
forces to be obtained at two single nodes only, which assisted greatly in developing the 
resulting load deflection response profiles for each loading condition.  
 
Loading Procedure 
The loading procedure involved using a displacement controlled method for the lateral 
loading phase and a load controlled procedure for the vertical and longitudinal loading 
phases. Details of the loading procedure that simulated the requirements of the standard are 
as follows: 
 
Stage 1: 
    
Application of an arbitrary enforced displacement to the ROPS in the lateral direction  
      and measurement of the base reactions to obtain the load deflection response 
¾ Determination of the energy absorbed by the ROPS for the applied deflection from 
the area under the load deflection curve and determination of the correct enforced 
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displacement to apply to the ROPS to obtain the energy level requirement in 
accordance with AS2294.2-1997 
 
Stage 2: Six loading stages in the sequence  
 
¾ 1. Application of the determined enforced displacement in the lateral direction 
necessary to give the required amount of energy absorption 
¾ 2. Unloading of the ROPS through application of the base reactions to the model 
 
¾ 3. Application of the required vertical load to the ROPS using face pressures 
distributed over an appropriate area  
¾  4. Unloading of the ROPS through application of the base reactions to the model 
 
¾ 5. Application of the longitudinal load to the ROPS using equivalent face pressures  
          distributed over an appropriate area 
¾ 6. Unloading of the ROPS through application of the base reactions to the model 
 
Results of Numerical Study 
Lateral Loading Phase 
The numerical and experimental load deflection profiles of the ½ scale ROPS models are 
shown in Figure 5 and it is evident that there is very close agreement between the two results 
which provides validation of the FE model for the lateral loading phase. As shown by the 
distinctive shape of this figure the FE ROPS model has exhibited a stable response with a 
constant load carrying capacity of approximately 190 kN. Moreover, the ROPS has reached 
a limiting peak load and sustained significant plastic deformation from about 15mm to about 
65mm. The shape of this load deflection profile is characteristic of a structure that has 
absorbed energy in a smooth, efficient and ductile manner.  
 
The severity of the plastic deformation experienced by the ½ scale model ROPS is further 
exemplified through reference to the Von Mises stress distribution in Figure 10 which 
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indicates that plastic hinges had formed at the top and base of each post of the ROPS, which 
was an identical replication of the experimental findings. The plastic hinge zones that were 
located at the top and base of each post underwent shape distortion during the lateral loading 
phase. This was shown by the substantial distortion of the finite element mesh and was 
characterised by the inward folding of the elements that were located on the extreme 
compression face of the member. The distortions of the mesh at two of these hinge locations 
are shown in Figure 11. 
 
Vertical Loading Phase 
Vertical loading of the K275 ROPS model resulted in an under-prediction of the 
experimental response. The response of the FE ROPS model appeared to be fairly linear, as 
seen from Figure 6, with no residual vertical deflection upon load removal and was 
significantly stiffer than the corresponding experimental response. The stiffness variation 
between the two models can easily be distinguished from this figure by examining the 
gradients of each curve. The ROPS had undergone plastic deformation with formation of 
plastic hinges at the top and base of each post during the lateral loading phase. This would 
have caused a reduced stiffness in the vertical direction. It is evident that the numerical 
model seems to be unable to adequately simulate this reduced stiffness. Reasons for this lack 
of correlation were attributed to the inability of the FE plasticity material model to handle (i)  
influence of load reversal effects such as the Baushinger effect, (ii)  possible inherent 
residual stresses in the members from the heavy welding of the members during fabrication 
and (iii) residual stresses from the previous loading phase. 
 
The Von Misses stress distribution during the vertical loading and unloading stages indicated 
that high stresses had occurred locally in the beam zone, however, these stresses were still 
within the elastic limitations of the material. In addition to this, some localised yielding had 
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taken place in the corner region at the connection zone between the beam and the post. This 
localised yielding appeared to have had only a minor influence on the ROPS deformation in 
the vertical direction.  
 
The longitudinal Loading Phase 
The load deflection profile for the ROPS under the applied longitudinal load did not compare 
well with that from the corresponding experimental loading phase. The reasons for this are 
probably similar to those for the vertical loading phase, as explained above. The Von Mises 
stress distribution showed the presence of distinct yielding at the base of the front and back 
faces of each post at the point of maximum longitudinal load. This result was expected, as 
the ROPS behaved as a two post cantilever which would therefore give rise to high stresses 
at the base of each post.  
Further results from all three loading phases, both experimental and numerical, can be found 
in Clark (2005).  
 
Similitude Verification 
The scaling laws and relationships between pertinent variables that were established earlier 
were verified using FEA for the full and ½ scale ROPS models for the K275 bulldozer. The 
results from the response of both models when subjected to the loading requirements of the 
Australian standard confirmed the similitude ratios of ½, ¼ and 1/8 for deflections, loads and 
energy absorbed. These values for the ½ scale ROPS model were: lateral load = 188kN, 
lateral deflection = 70mm, energy absorbed = 12148J, vertical load = 244kN, vertical 
deflection = 2.55mm, longitudinal load = 96kN and longitudinal deflection = 7.3mm. The 
lateral load versus deflection profiles for both models are shown in Figure 12. The ratio of 
the maximum deflection of the model to that of the prototype is clearly ½ (70:140), while the 
ratio of the maximum loads is ¼ (190:760). It is evident that the response of a full scale 
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ROPS can be accurately predicted by using the principles of similitude modelling and 
implementing an appropriate scaling law. 
 
Post Yield Behaviour of ROPS 
As current ROPS performance standards such as AS2294-1997 give limited assistance, 
designers usually specify overly stiff member sizes to ensure that the prototype ROPS will 
pass the requirements without premature failure. Once a successful design has been 
developed, it may be reproduced without further test and put into production. Based on this 
common day approach, it is clear that there is a lack of knowledge on the fundamental 
principles required for successful ROPS design and it is therefore essential that design 
guidelines be established to ensure that an optimum level of safety is provided to heavy 
vehicle occupants during rollover accidents.  
 
The adequacy of the requirements presented in current ROPS regulatory standards  has been 
questioned by some researchers and more recently by Ho (1994), who used a simplified 
collapse load approach to study the energy absorption capability of a fixed base two post 
ROPS prior to encroachment of the DLV. He examined a number of two post ROPS 
configurations with collapse loads equal to 100%, 124%, 150% and 200% of the minimum 
lateral load provision of SAE J1040 and concluded that a ROPS which had a collapse load 
greater than 150% of the minimum lateral load requirement would be able to absorb the 
necessary amount of energy prior to encroachment of the DLV. Ho’s investigation is 
extended further in this paper by using finite element analysis to verify the adequacy of the 
K275 ROPS frame. In this investigation the sectional geometry of the posts was varied to 
obtain a range of collapse loads. The width and thickness of the post was kept constant, 
while the depth of the section was varied. in order to limit the number of variables and 
minimise the number of numerical simulations. The investigation involved assessing the 
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capacity of the ROPS to adequately fulfil the requirements of the standard and its energy 
absorption capacity prior to DLV infringement. It is believed that such a study will provide 
meaningful results that may assist with the development of ROPS design guidelines. In all 
the analyses the geometry of the ROPS model was proportioned carefully to ensure that the 
formation of plastic hinges required for energy dissipation took place at the top and base of 
each post during application of the lateral load. In order to ensure this, the beam section size 
was adjusted to give a much higher plastic moment capacity than that of the posts    
 
Plastic Analysis of ROPS under Lateral Load 
As ROPS rely on the absorption of rollover impact energy through the permanent plastic 
deformation of their structural members, plastic design principles are appropriate to develop 
member sizes for ROPS.  Consider the 2 post ROPS shown in Figure 13, where the plastic 
moment capacity MP2 of the beam is larger than that of the posts. Using the principles of 
virtual work for a rotation θ, the collapse load Fc for the ROPS is given by 
          FC = 4MP1 /Le     where  MP1 = Zp1  σy                     (1) 
 
In the above equations Le represents the clear height from the base of the post to the 
underside of the beam, MP1 the plastic moment capacity of the post about its local Y-Y axis, 
Zp1 the plastic section modulus of the ROPS post and σy the yield stress of the material.  
Numerical Investigation of Full Scale K275 ROPS 
 
The full scale FE model of the K275 ROPS that was treated in the previous section was 
subjected to further numerical investigation. This involved varying the section geometry of 
the ROPS posts to study its influence on the structure’s ability to absorb energy prior to 
infringement of the DLV and in fulfilling the load and energy absorption requirements of the 
standard. FE models of the K275 ROPS were developed using the same procedures as 
before. The wall thickness of the beam linking the posts was increased to 12mm in all the 
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models to ensure that the plastic hinges developed within the posts of the ROPS. Four 
different ROPS models were considered, having post section sizes of 120x250x10, 
150x250x10, 200x250x10 and 240x250x10. These section geometries corresponded to 
ROPS collapse loads of 100%, 140%, 200% and 260% of the minimum lateral loading 
provision of the standard respectively. These ROPS models were studied to evaluate the 
lateral loading and energy absorption provisions of the standard (AS2294.2-1997), which is 
the main focus of this paper and the ROPS standards. The other two loading sequences are 
strength cases to ensure that a ROPS has adequate capacity in the vertical and longitudinal 
directions. For this study, ROPS posts were proportioned to develop plastic hinges about 
their weak axis normal to the applied lateral load, however, in addition to this they were also 
proportioned to have sufficient capacity about the other axes to withstand the subsequent 
vertical and longitudinal loading stages.  
 
Table 3 provides a summary of the post section sizes used in the analysis, the plastic moment 
capacities MP and lateral collapse loads Fc obtained from FEA and from Equation (1). The 
FE analyses in general predicted slightly higher collapse loads and corresponding plastic 
moment capacities than those that were determined using Equation (1) which refers to a 
simple analysis method.   
 
The vertical loading sequence which occurs directly after removal of the lateral load, is used 
to ensure that the ROPS can support the mass of the vehicle if it comes to rest in an upturned 
positioned. This is a strength load case which means that the structural members that resist 
this load must possess adequate capacity to avoid premature failure. For the K275 ROPS, the 
vertical loading is applied to the beam linking the two posts of the ROPS. As the ROPS has 
already developed plastic hinges at the post beam junctions during the lateral loading phase, 
it is necessary for only one further hinge to form at the midspan of the beam before a beam 
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collapse mechanism will be formed. The vertical collapse load for the ROPS (FCV may be 
estimated by using Equation (2). 
                                                      FCV = 4MP2/L                                       (2) 
 
where L is the length of the beam between supporting posts and  MP2 the plastic moment 
capacity of the beam about its strong axis. 
 
Similar to the vertical loading stage, the longitudinal loading sequence is also a strength load 
case that ensures that the ROPS has sufficient strength in the direction of its longitudinal axis 
to withstand a rollover in this direction. An estimate of the maximum collapse load (FCL) of 
the structure may be established using Equation (3), which assumes that the section can 
develop the full plastic moment capacity of each post about an axis that is normal to the 
longitudinal direction of the ROPS posts.  
                                                        FCL = 2MPx /Le                                                              (3) 
 
where MPx represents the plastic moment capacity of the ROPS posts about their local X-X 
axis in Figure 14. Details of the plastic moment capacities and collapse loads that were 
calculated using Equations (2) and (3) and from FE analyses have been summarised in 
Tables 4 and 5. Through studying the response behaviour of each ROPS configuration with 
the stiffness distributions as shown, it was envisaged that the adequacy of the code 
provisions particularly with reference to the minimum lateral load and energy absorption 
requirement could be established.  
 
Lateral Load Analysis – Energy Absorption Prior to DLV Infringement 
Full scale ROPS models with the post section geometries outlined in Table 3 were subjected 
to finite element analysis using the displacement controlled solution method and involved 
loading of the ROPS up to the point of DLV encroachment, set at 500mm. The lateral load 
deflection response up to this deflection limitation was recorded for each analysis and 
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presented in Figure 14. The load deflection responses in Figure 14 indicate an initial stiff 
elastic response. After the peak load was reached, the stiffness of each model reduced 
substantially and the load carrying capacity began to fall. This behaviour was characterised 
by significant yielding and the formation of plastic hinges at the ends of each post which 
gave rise to a significant increase in the lateral deflection experienced by each model. The 
analyses were continued until the zone of the DLV was impeded. As expected, it is evident 
from this Figure that the load carrying capacity of a ROPS was proportional to the plastic 
moment capacity of its posts.  
 
Figure 15 shows the variation in energy absorbed by each model with increasing lateral 
deflection. These results were as expected and clearly indicate that the energy absorbed by 
each model increases with increasing lateral deflection and ROPS post stiffness. Further to 
this, the direct relationship between plastic moment capacity of the ROPS posts and the 
amount of energy absorbed, has been shown in Figure 16. It is clear that the energy absorbed 
by each model is proportional to the plastic moment capacity of the ROPS posts. 
 
Lateral Load Analysis – Load Deflection Response  
The lateral load deflection response which satisfied the requirements of AS2294.2-1997, is 
shown in Figure 17 for each ROPS model. It can be seen that each model satisfied the 
minimum loading and energy absorption requirements of the standard without violation of 
the 500mm deflection limitation of the DLV. The softening of the load deflection responses 
of the different ROPS models took place at lateral deflections in the region 35 mm- 45 mm, 
accompanied by shape distortions at plastic hinge locations at the top and base of the posts 
upon further loading. This feature was also observed during the experimental testing. The 
graphs indicate that the criteria established in the ROPS design standard may be satisfied by 
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placing either a high force/low deflection demand, as observed with the two stiffer ROPS 
models or a low force/high deflection demand, as observed with the less stiff ROPS models.  
 
Summary and Conclusions 
Rollover Protective Structures have to date been seen as the most viable method for 
providing protection to occupants during the rollover of heavy vehicles on construction and 
mining sites. These types of safety devices which are commonly fabricated from mild steel 
hollow sections rely predominantly on plastic deformation of their members in order to 
absorb some or all of the kinetic energy of the roll. For the case of earthmoving vehicles, the 
current performance standards both in Australia and worldwide employ simplified static 
testing methods to assess the capabilities of a ROPS. This form of ROPS certification is 
destructive and can be extremely expensive, particularly for the case of large vehicles. To 
address this, a collaborative university – industry research project using analytical (FE) and 
experimental techniques, was undertaken to generate comprehensive research information 
that may be used to develop an analytical procedure for the design and assessment of ROPS.  
This paper presented the research findings pertaining to a 2 post K275 bulldozer ROPS. 
 
The experimental program involved the use of static testing to assess ROPS behaviour and to 
provide a base model for the establishment of an analytical method for ROPS evaluation. 
Finite element analysis formed the basis for the analytical program and involved subjecting 
the established analytical models of the tested ROPS to code specified loadings. The 
combined analytical and experimental approach enabled a validated analytical ROPS 
assessment procedure to be established that could lessen the need for expensive full scale 
testing. The developed procedure was able to replicate the loading sequences required by the 
relevant Australian standard.  While it may de desirable to do some experimental testing of 
ROPS (new designs) for capturing physical behaviour and validating numerical models, 
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computer simulations can later be used to investigate the influence of parameters. The results 
of the present study clearly support the use of finite element techniques for ROPS evaluation 
and design. The set of mutually-supporting experimental/analytical/numerical methods used 
in treating ROPS behaviour demonstrate that these methods support one another. 
 
It was found that correlation between analytical and experimental results was excellent under 
the lateral loading phase which represents the most crucial loading condition of the standard. 
For the other two loading phases namely those in the vertical and longitudinal directions, it 
was found that the finite element analysis under-predicted the resulting displacements. 
Reasons for this lack of correlation were attributed to the inability of the FE plasticity 
material model to handle (i)  influence of load reversal effects such as the Baushinger effect, 
(ii)  possible inherent residual stresses in the members from the heavy welding of the 
members during fabrication and (iii) residual stresses from the previous loading phase(s). 
Further detailed finite element analysis of full scale two posts ROPS subjected to static loads 
led to the development of simplified design guidelines that would enable ROPS designers to 
quickly proportion ROPS members to adequately meet the requirements of the standard. For 
a set global ROPS geometry, a range of plastic moment capacities were assessed by 
adjusting the section properties of each of the posts of the ROPS. For the two post ROPS 
treated herein, a simple collapse load model which assumed the formation of plastic hinges 
at the top and base of each post was able to be used to assess the maximum structural 
capacity of a ROPS. This method was also tested analytically and it was discovered that a 
carefully proportioned two post ROPS was able to adequately meet the performance 
requirements of the Australian standard provided that it possessed a collapse load that was 
equivalent to that of the minimum lateral loading provision of the standard. In addition to 
this, it was also discovered that the energy absorption capability of a ROPS was an 
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increasing function of the plastic moment capacity of its posts. In general for the stiffness 
configurations that were addressed, it was found that the response of a ROPS to the applied 
vertical and longitudinal loading was approximately linear. Based on this study, it is 
recommended that two post ROPS be carefully proportioned to form plastic hinges at the top 
and base of each post for the lateral loading sequence whilst possessing sufficient capacity to 
withstand the subsequent vertical and longitudinal loading phases. In general it can be 
concluded that the simplified collapse load approach is an adequate design method for the 
assessment and proportioning of ROPS members provided that the estimated collapse load is 
at least equivalent to the minimum provision of the standard. 
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Comments to Editor: 
 
We have considered all the comments of the two reviewers and have carried out the 
necessary corrections.  
 
In particular we have clearly stated the focus of the paper in section 1, last paragraph and 
made sure that the flow of the paper is compatible with this. This is briefly discussed below: 
 
The focus of the paper was to establish the feasibility of using FE techniques for (i) design 
and evaluation of ROPS and (ii) investigating the influence of parameters for enhancing 
ROPS performance. Limited experimental testing is required, both to capture physical 
behaviour and to use the results to validate the finite elements models, which could then be 
used in further investigation. As it is difficult to carry out full scale testing on ROPS, ½ scale 
models were designed based on the principles of similitude modelling and Buckingham’s Pi 
theorem was used to develop the relationships between the prototype and the model. This 
paper treats ROPS models for a K275 bulldozer using experimental testing of a  ½ scale 
ROPS model and extensive computer simulations first on ½ scale and then full scale FE 
ROPS models. The FE analysis was validated through comparison of results for the ½ scale 
models and then extended to full scale ROPS models through similitude verification. This 
project aims to (i) enhance our understanding on ROPS behaviour, (ii) improve energy 
absorption and safety and (iii) generate research information which will contribute towards 
the development of analytical techniques for design and evaluation that may lessen the need 
for destructive full scale testing.   
 
We have re-written sections 5.3 – 5.5 in a more succinct manner.  
 
Please find below a point by point response to the comments of the reviewers. 
 
 
Point by point response to reviewers’ comments. 
 
 
We like to thank the reviewers for the very valuable comments. We have studied them very 
carefully and we have carried out the necessary revisions. 
 
Reviewer A 
 
Main Points: 
The focus of the paper is discussed on page 2 in section 1, stating the need to test scaled 
models and the use of Buckingham’s Pi theorem to develop the similitude relationships 
between the prototype and the model. More information on this, with the similitude 
relationships for the ½ scale ROPS model treated in this paper, can be found on page 3 in 
section 2. 
 
We are sorry for not giving some of the information at the very start of the paper. Details of 
the ROPS model, using hollow sections, are now given in section 2.1 on page 3. 
 
We thank the reviewer for pointing out a typing mistake on the cross section dimensions of 
the model in Table 2. We are sorry about this. This has now been corrected, with proper 
values of the width and depth of the cross-section. The second moments of area of the model 
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and proto type satisfy the required similitude relationship of IM = IP/16, where M and P 
denote the model and prototype respectively. This is discussed in section 2.1 on page 3. 
 
 
Additional Points: 
• The roof canopy shown in Figure 1 is to provide protection under falling objects. 
This is a detachable structure, which is omitted in the present treatment. Only the 
ROPS frame shown in Figure 2.2  is considered. This is explained in section 2 on 
page 2. In Figure 3, two opposite views of the ROPS are shown in order to illustrate 
all the strain rosettes and LVDTs. This is explained section 3.1 on page 5.  
• The scaling factor of ½ is used for all the cross-section dimensions. As mentioned 
above, there was a typing error in Table 2 and we are sorry about this. This has been 
corrected. This is discussed in section 2.1 on page 3. 
• During experimental testing, it was observed that there was some change of cross-
sectional shape at the regions of plastic hinge formation. This was also observed in 
the FE analyses of the ROPS models. This is explained in sections 3.2, 4.6.1 and 5.5. 
• Von Mises stress is derived from the strains using standard equations found in text 
books. We have made reference to this in section 3.2 and quoted the book by SJ 
Moy. 
• The vertical loading phase took place after the lateral loading phase, with residual 
plastic strains and deformation in the ROPS. This is evident from the approximately 
5 mm initial deflection (starting point) of the loading curves. The experimental and 
FE curves do not compare well due to the sustained plastic deformation that took 
place after the initial lateral loading phase and the inability of the FE model to 
replicate this properly. This is explained in sections 4.6.2 on page 11. We have 
shown the loading and unloading curves in Figure 6. 
• We have clarified what 10mm and 5 mm mesh densities mean. These are the 
dimensions of the finite elements in the 2 models, as explained in section 4.1 on page 
8. 
• Section 4.6: 
1. (new) page number 10, the sentence “----underwent significant deformation”, is 
not clear. We have improved this. 
2. first paragraph of section 4.6.2 , “It is evident that –the reduced stiffness is 
inherent---“ – is not clear.  This is because the ROPS has already suffered 
plastic deformation in the previous lateral loading phase, as explained in the 
same section. 
3. section 4.6.3, on new page number 12 ,“-----did not compare well”. Why?  
The main reason was because the FE model was unable to replicate the 
sustained plastic deformation in the ROPS that took place during the initial 
lateral loading phase. We have explained this in the sections 4.6.2 and made 
reference again in section  4.6.3  on (new) page number 12. 
4.   last paragraph of section 5.5  is not clear. We have clarified this in section 5.5,      
on new page number 17. Two of the load deflection plots (for the stiffer ROPS) 
have higher loads and smaller deflections, while the other two plots have the 
opposite trends. 
 
• Sections 5.3 – 5.5 have been re-written in a more succinct manner. 
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Conclusion: we have addressed the suggestion provided by the reviewer and we have 
discussed the background, aims and procedure of the paper in the last paragraph in section 1 
on page 2. The flow of the paper is compatible with this 
 
 
Reviewer C 
 
We have described the background of our paper, its aims and procedure in the last paragraph 
of section 1 on page 2. 
  
Suggestions for Providing Additional Details: 
 
1. A summary of the Australian Standard AS2294-1997 has been included in the second 
paragraph of section 1 on page 2. 
 
2. Description of the test set up and more details of testing are provided, together with an 
additional Figure (2.1) of the ROPS testing frame in sections 3 and 3.1 in pages 3, 4 and 5. 
 
3. Justification of similitude modelling, especially for load – deflection response under 
lateral load is discussed in section 4.7. Figure 11 confirms the similitude relationship 
between model and prototype for lateral deflection (and energy absorbed through the area 
under the curves). 
 
4.  We are not absolutely certain of the slight kink in the stress vs deflection response in 
Figure 5. It could be due to experimental error in strain recording which has resulted in the 
kink when converted to stress. But, this slight kink has not negated the usefulness of this 
Figure which clearly shows that there is yielding at the location.  
 
5. We do not have the predicted strains. But the predicted stresses from the FE model agree 
very well with the stresses obtained from the measured strains at the locations on yielding 
(sections 3.2 and 4.6.1).  Moreover, the predicted and measured lateral load vs deflection 
responses (Figure 4) agree very well, giving further confidence in the computer (FE) 
modelling. 
 
6. We have replaced the word” calibrated” by the word validated and explained that this was 
for the lateral load response of the ROPS, which is further investigated in the paper. This is 
discussed in section 4, paragraph 2. 
 
7. We have given details of the FE model, including the stress-strain relation, which can be 
used by others to replicate the results. This is given in sections 4, 4.1, 4.2, 4.3 and 4.4 in  
pages  8, 9 and 10. 
 
8. We have improved the legend in Figure 9 as requested. 
 
 
Technical contribution of our work: 
 
In addition to understanding ROPS behaviour, we have established the feasibility of using 
FE techniques for ROPS evaluation and design 
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1. We validated the FE model of the ROPS for investigation 
 
As mentioned in section 1 of the paper, the main aim of this paper was to establish the 
feasibility of using FE techniques for design and evaluation of ROPS. Towards this end, we 
have successfully validated the FE ROPS model for studying lateral load response, which is 
the most common type of roll over and which was the focus of this paper. The other two 
loading sequences are strength cases to ensure that a ROPS has adequate capacity in the 
vertical and longitudinal directions.The lateral load deflection profile from FE analysis 
compared very well with that from experimental testing. Both the experiment and the FE 
analysis showed yielding at the top and bottom of the posts under lateral loading of ROPS. 
Moreover, similitude verification provided confidence for using FE models of full scale 
ROPS in further investigation. We feel that we have provided sufficient details for validating 
the FE model for studying lateral load response. 
 
 
 
2. FE techniques can be used in ROPS evaluation and design. 
 
Present form of ROPS evaluation can be extremely expensive as establishing the force and 
energy criteria can involve large loads which may therefore require the use of a specialized 
testing facility. In addition to this, the nature of the testing procedure is destructive which 
means that the ROPS will incur irrecoverable permanent deformation. Consequently, failure 
of a ROPS to meet the requirements of the standard will mean that another improved 
prototype will have to be fabricated and re-tested. This process can go on and on will be both 
time consuming and extremely expensive and will usually be avoided by most fabricators 
through providing additional strength and stiffness to the ROPS. The addition of increased 
stiffness to the ROPS to avoid premature failure may not be the most desirable solution for 
the operator’s chances of survival, as a ROPS is an energy absorption device that requires a 
balance between strength and stiffness to be maintained. Safety may be compromised by the 
ROPS manufacturers who avoid the expenses associated with repetitive experimental testing 
(to get it right). This is discussed in section 1, second paragraph, pages 1 -2. 
 
FE element techniques, on the other hand, enable repetitive analyses (with change of 
parameters) to obtain the best design of the ROPS, without extra cost. 
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FIGURES 
 
 
 
 
 
 
 
 
 
Figure 1   K275 Bulldozer with ROPS 
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Figure 2 ROPS Testing Frame   
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Figure 3 Half Scale K275 ROPS Attached to Loading Frame 
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Figure 4 LVDT and Strain Rosette Positions 
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Figure 5 Lateral Load Deflection Response from Experiment (LVDT 1) and FEA 
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Figure 6 Von Misses Stress obtained from Strain Gauge A 
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Figure 7 Vertical Load Deflection Responses from Experiment (LVDT 2) and FEA 
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Figure 8 FE Model of K275 Prototype ROPS  
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Figure 9 – Material Properties of FE Model 
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Figure 10 Von Misses Stress distribution under lateral load 
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Figure 11 Mesh Distortion in Plastic Hinge Region 
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Figure 12 Lateral Load Deflection Response of Full Scale and Half Scale K275 ROPS 
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Figure 13 Plastic Hinges in a Fixed Base Two Post ROPS 
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Figure 14 Lateral Load Deflection Response 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  43
 
 
 
0
100000
200000
300000
400000
500000
600000
0 100 200 300 400 500 600
Lateral Deflection (mm)
La
te
ra
l E
ne
rg
y 
A
bs
or
pt
io
n 
(J
)
K275-MP=392 K275-MP=318 K275-MP=218 K275-MP=161  
 
 
Figure15 Lateral Energy Absorption versus Lateral Deflection 
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Figure 16 Energy Absorption versus ROPS Post Plastic Moment Capacity 
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Figure 17 Lateral Load Deflection Response for Varying MP 
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TABLES 
 
 
 
 
 
 
Table 1 Full and Half Scale FE Model Section Properties 
 
Member Full scale model ½ scale model 
Post 250x150x10 RHS 125x75x5 RHS 
Beam 250x250x10 SHS 125x75x5 SHS 
Internal stiffener 10 mm plate 5 mm plate 
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Table 2  AS2294.2-1997 Load and Energy Requirements for ½ Scale K275 ROPS 
 
ROPS 
Performance 
Criteria 
AS2294.2-1997 Formula 
with Scaling Factor 
Result 
for 
½Scale 
Model 
FLateral-Min ⎟⎟⎠
⎞
⎜⎜⎝
⎛
⎥⎦
⎤⎢⎣
⎡×⎟⎠
⎞⎜⎝
⎛ 2.1
10000
70000
4
1 M
 121 kN 
ULateral ⎟⎟⎠
⎞
⎜⎜⎝
⎛
⎥⎦
⎤⎢⎣
⎡×⎟⎠
⎞⎜⎝
⎛ 25.1
10000
13000
8
1 M
 12104 J 
FVertical M61.194
1 ×⎟⎠
⎞⎜⎝
⎛
 245 kN 
FLongitudinal ⎟⎟⎠
⎞
⎜⎜⎝
⎛
⎥⎦
⎤⎢⎣
⎡×⎟⎠
⎞⎜⎝
⎛ 2.1
10000
56000
4
1 M
 96 kN 
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Table 3 Lateral Collapse loads and Plastic Moment Capacities  
 
ROPS Post 
Size (mm) 
MP(Emp 
 (kNm) 
FC(Emp) 
 (kN) 
MP(FEA) 
(kNm) 
FC(FEA) 
(kN) 
MP(FEA)/MP(Emp) 
120x250x10 138 498 161 582 1.17 
150x250x10 192 689 218 785 1.14 
200x250x10 280 1001 312 1126 1.12 
240x250x10 360 1295 392 1412 1.09 
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 Table 4 Vertical Collapse Load Capacities 
 
ROPS Post 
Size (mm) 
MP Beam 
(kNm) Le Beam FCV 
 FVert  
(kN)AS2294 FCV/FVert 
120x250x10 449 1.57 1144 908 1.26 
150x250x10 449 1.54 1166 908 1.28 
200x250x10 449 1.49 1205 908 1.33 
240x250x10 449 1.45 1238 908 1.36 
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 Table 5 Longitudinal Collapse Load Capacities 
 
ROPS Post 
Size (mm) 
MP Post 
(kNm) Le Beam FCL 
FLong 
(kN)AS2294 FCL/FLong 
120x250x10 243 1.11 438 384 1.14 
150x250x10 275 1.11 495 384 1.29 
200x250x10 328 1.11 591 384 1.54 
240x250x10 370 1.11 667 384 1.74 
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Re-review – Point by point response to reviewers’ comments 
 
 
Reviewer A: 
 
Comment:  
Extra comments required on computation of Von Missed stress from strain recordings: 
 
Response:  
We have added the comments as requested by the reviewer on page 8, 2nd paragraph, at the 
bottom and extending on to page 9. 
 
 
Comment:  
Clarification required on the sentence “ It is evident therefore that the numerical model may 
not be able to adequately simulate the reduced stiffness that is inherent within the ROPS as a 
result of the sustained plastic deformation that took place after the initial lateral loading 
phase.  
 
Response:  
Under the lateral loading phase, which is the most crucial phase, the ROPS (both the test and 
FE models) underwent significant plastic deformation with formation of plastic hinges at the 
top and base of each post. This would have contributed to reduced stiffness in the vertical 
direction. The FE model seems to be unable to predict this reduced stiffness. We have 
explained this on page 14, section – Vertical Loading Phase, 1st paragraph, at the end. 
 
 
Reviewer C  
 
Comment:  
Discussion on discrepancies (if any) between the small scale model and the full scale  
Prototype. 
 
Response 
As seen from Figure 12 and discussed in Similitude Verification on pages 15 and 16, the 
results from the similitude verification confirmed the validity of the procedure. This was 
despite the formation of plastic hinges at the foot and base of each post. Under lateral 
loading phase, which is the most crucial one, the experimental  and numerical results for the 
½ scale ROPS also agreed very well. 
 
 
Comment 
The authors may wish to state the reasons why experimental testing of new ROPS designs 
would be desirable 
 
Response 
It may de desirable to do some experimental testing of ROPS for capturing physical 
behaviour and validating numerical models. However, once this is done, computer 
simulations can be used to investigate the influence of parameters. This has been expressed 
on page 21 at the end and on page 22 at the top. 
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Comment 
Omit the portion “Certification of ROPS by more economical analytical ---------- ------ 
behaviour of these structures in the post yield region and their energy absorption capacity”. 
 
Response 
We have omitted the above sentences (which appeared) at the start of the 2nd 
paragraph on page 3 in the Introduction and in the 1st paragraph on page 21 in the Summary 
& Conclusions.  
 
We have instead added: “The results of the present study clearly support the use of finite 
element techniques for ROPS evaluation and design. The set of mutually-supporting 
experimental/analytical/numerical methods used in treating ROPS behaviour demonstrate 
that these methods support one another” – at the end of the 1st paragraph on page 22 in  
Summary & Conclusions. 
 
 
 
Associate Editor 
 
Comments 
Revisions required on pages 1,2 and 3 (numbers in earlier version0 
 
Response 
All the  revisions/deletions have been carried out as requested. 
 
 
Comment 
More details required on change in cross-sectional shape (in page 3 of earlier version) 
 
Response 
We have provided this at the appropriate place on page 8, 1st  paragraph: “changed the cross 
sectional shape by inward folding at the compression faces of the members”. This aspect is 
further discussed in the FE analysis of the ROPS under lateral loading. 
 
 
Comments 
Revisions required on pages 8, 9, 17, 20 and 21 (page numbers in new version are different) 
 
Response 
Revisions have been carried out as requested. 
 
 
Comment 
Table 2 should appear earlier (section 2.1 in earlier version). 
 
Response 
Numbering on Tables 1 and 2 have been swapped to reflect the order of reference in the text. 
 
Comment 
Moving  paragraph prior to section 5.1 (in previous version.) to the introduction, 
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Response 
The brief information contained in the 1st paragraph (in former section 5) has already been 
presented in the introduction. The 2nd paragraph is needed in its present location to provide 
context and continuity for the section that follows. 
 
 
Comment 
Table 3 should appear entirely on one page 
 
Response  
We have ensured this 
 
 
 
 
 
 
 
